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Bidirectional Reflectance Factor Measurements

over Semiarid Grasslands

Mark |. Chopping*

ﬂe non-Lambertian nature of the terrestrial surface is
a major source of unexplained variability in wide-swath
satellite sensor data acquired in the solar reflective wave-
lengths, hindering quantitative analysis in the spectral,
temporal, and locational domains. The interactions of light
with the surface are governed by the bidirectional reflec-
tance distribution function (BRDF), and modeling this is
one of the most promising methods for describing and
explaining this variability. Here the Roujean linear semi-
empirical kernel-driven (LiSK) model was tested against
two independent bidirectional reflectance factor datasets
that were acquired close to ground level over seminatural
semiarid grasslands in Xilingol, Inner Mongolia (People’s
Republic of China) and in Arizona (United States). The
objectives were to determine how well the model is able
to describe and explain observed bidirectional reflectance
factor distributions in the red and near-infrared wave-
lengths, to explore its utility in correcting such data for
angular variations, and the likely impact of such corrections
on cover-type discrimination. The sensitivity of the model
to reductions in the number and angular distribution of
the bidirectional reflectance observations with which it is
inverted was also evaluated. The results show that the
model is able to describe the observed multiangular BRFs
with good accuracy and with low sensitivity to the number
of angular inputs, with observations in the forward-scatter-
ing direction shown to be important in constraining inver-
sions. The behavior of retrieved parameters indicates that
one or more of the simplifying assumptions made in the
model derivation is likely to be too severe for explaining
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BRDF in the near-infrared region; non-negligible aniso-
tropic multiple scattering and the assumption of an opti-
cally thick medium mean that a physical interpretation of
parameters is unlikely to be valid. However, the model is
shown to provide an effective means of correcting for BRDF
effects, allowing greater precision and consistency than
hitherto possible in the retrieval of surface spectral reflec-
tance over semiarid grasslands and concrete improvements
in cover-type discrimination. Published by Elsevier Sci-
ence Inc.

INTRODUCTION

Multiangular bidirectional reflectance factors (BRF's) ob-
tained in situ are useful in remote sensing research since
atmospheric path radiance is removed from the signal,
enabling testing of bidirectional reflectance distribution
function (BRDF) models in a relatively controlled manner.
The BRDF is a fundamental and intrinsic physical property
that governs the reflectance behavior of a surface, for which
a spectral dependence is observed. BRDF models are re-
quired to correct remotely sensed data for angular effects,
to determine surface shortwave albedo via prediction of
reflectance at a wide range of sun-target-sensor geometries,
and to provide surface information—whether semiempiri-
cal or physical—which is not available in the spectral, tem-
poral, or locational domains (Diner et al., 1999). If any one
of the sources of variation (spectral, temporal, locational,
directional) is not adequately accounted for, then the use
of the others is compromised: there will be unexplained
variation in the data. Although the BRDF can never be mea-
sured directly, multidirectional measurements can provide
useful estimates of it. Field BRF measurements are not truly
bidirectional, because incoming solar radiation does not have
a unique direction but rather an angular distribution deter-
mined by the turbidity of the atmosphere (Guyot, 1990).
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For narrow instantaneous field-of-view (IFOV) radiome-
ters the term “bidirectional reflectance factor” is deemed
appropriate.

The literature reveals that BRDF model evaluations
are often carried out using data simulated with other mod-
els (Pinty and Verstraete, 1991; Hesley et al., 1996; Asner
et al., 1997; Hyman and Wanner, 1997; Walthall, 1997;
Engelsen et al., 1997; Iaquinta and Fouilloux, 1998). While
this is a useful means for testing certain aspects of model
behavior, there is always the question of the reliability of
the reference model. Bidirectional reflectance data are
retrievable from space-borne sensors, although these data
may be degraded in rather specific ways by imperfect cali-
bration, residual contamination from atmospheric scatter-
ing and absorption, and restricted temporal and directional
viewing. On the other hand, bidirectional reflectance data
acquired in the laboratory are often restricted to a small
number of components, such as soil samples, individual
plants, or small uniform groupings, and it is almost impossi-
ble to recreate in the laboratory the complex mixture of
elements that together make up real terrestrial surfaces
(Curran and Kupiec, 1995). Some advances have been
made in this area with field goniometers (Sandmeier and
Itten, 1999), although such techniques are still limited to
low canopies, such as grasslands with annuals and very low
shrubs; for higher shrub canopies instruments such as the
PARABOLA must be used (Deering and Leone, 1986;
Middleton et al., 1987). For these reasons, surface bidirec-
tional reflectance factor measurements derived in situ from
spectral radiance observations close to ground level are
useful in assessing BRDF models’ capabilities in describing
or explaining the anisotropies of existing complex heteroge-
neous surfaces.

The validation of BRDF models for semiarid grassland
sites like those investigated here is important since the loca-
tions are representative of a terrestrial surface type that ac-
counts for a large proportion of the total global land area:
arid and semiarid ecosystems (e.g., savannas, shrublands,
and grasslands) constitute about 41% (53 million km?) of the
terrestrial surface, covering vast areas of the African (60%),
North and South American (45%), Australian (65%), and
Asian (30%) continents (Matthews, cited in Asner et al. 1998;
Schlesinger et al., 1990). The ability to determine rates of
change in biophysical and geophysical parameters, such as
albedo, cover, canopy height, and leaf area index (LAI), on
a regional and global basis from remotely sensed data is
a prerequisite for many important applications, including
climate modeling and the assessment of the impact of hu-
man-induced degradation on dryland ecosystems. These are
marginal environments and climate- and human-induced
degradation can result in invasion by unproductive species
and a loss of productive capacity of a type considered benefi-
cial to mankind. There is generally a high level of susceptibil-
ity to climate change and population pressure (Huete et al.,
1994). The implications for the global energy budget are

of great importance since soils in these regions are bright
throughout the visible to near-infrared (NIR) region.

In this study field bidirectional reflectance data from
test sites in Inner Mongolia Autonomous Region (People’s
Republic of China) and Walnut Gulch, Arizona (United
States) are used to test the semiempirical model of Roujean
et al. (1992a). This model, hereafter referred to as the “Rou-
jean model,” was selected for use with data from the POL-
DER (Polarisation and Directionality of Earth’s Reflec-
tance) sensor on NASDA’s ADEOS satellites (Deschamps
et al., 1994), and because its form has become the basis for
a suite of BRDF models collectively known as AMBRALS
(Algorithm for MODIS Bidirectional Reflectance Aniso-
tropy of the Land Surface), which was designed for the
production of the global BRDF/Albedo product from the
MODIS and MISR sensors on NASA’s Terra satellite
(Strahler et al., 1996). It has been found to perform rather
well in other evaluations when fitted to bidirectional reflec-
tance data from the surface (Kimes, 1983; Kimes et al.,
1985; Kimes et al., 1986); from the air (Leroy and Bréon,
1996; Barnsley et al., 1997b; Disney et al., 1997; Lewis et
al., 1998); and from space (Roujean et al., 1992b; Wu et
al., 1995; Li et al., 1996; Disney et al., 1997; Vives Ruiz
de Lope and Lewis, 1997). The model is referred to here
as a Linear Semiempirical Kernel-driven (LiSK) model: it
is linear with respect to its parameters; it is semiempirical
in that a partitioning of the surface reflectance anisotropy
into geometric and volume components is assumed; and
it is kernel-driven in that separate functions for geometric-
optical and volume scattering are developed. Important
assumptions are made to simplify physical terms so that a
tractable formulation is obtained. The ancestry of this type
of model includes the formulation of the Walthall model
(Walthall et al., 1985; Walthall, 1997) and the turbid, me-
dium volume scattering functions of Ross (1981), which
are combined here with an original geometric scattering
function. Preliminary results from Roujean model inver-
sions with data from the POLDER sensor flown on aircraft
and onboard the first ADEOS satellite were reported to
be promising (Hautecoeur and Leroy, 1998). Validation
over a wide range of terrestrial surfaces and with different
BRDF sampling constraints is required to test whether
the model performs as intended: even when reasonable
parameters are retrieved, it is still not certain that they
contain only physical quantities since when the geometric-
optical and volume scattering kernels are inverted simulta-
neously, one or the other may become unreliable (Disney
and Lewis, 1998).

BRDF models have not been routinely applied in off-
nadir satellite data processing, partly because there has
been a lack of adequate multiangular data; partly because
the models available could not describe or explain BRDF
with sufficient accuracy, reliability, generality, and rapidity
for operational use; and partly because of a general lack
of appreciation of the impact of the non-Lambertian prop-
erties of terrestrial surfaces on spectral radiance measure-



ments. All three factors have been addressed more fully
in recent years, and it has become apparent that LiSK
BRDF models may be suitable for operational use in that
according to their formulation they should have the con-
structive properties described by Roujean et al. (1992a),
Barnsley et al. (1997a), and Wanner et al. (1995). Disadvan-
tages of LiSK BRDF models include the inability to directly
provide biophysical parameters; the requirement for obser-
vations close to the principal plane and in both back- and
forward-scattering directions (although this may also apply
to other model types); lack of terms to account for behavior
at the hot spot (Kuusk, 1991), specular scattering effects,
and low-order multiple scattering phenomena; some level
of inaccuracy in predicting BRDF in unobserved regions
when the angular sampling is suboptimal; and the possibil-
ity of model misbehavior and retrieval of unphysical or
unreasonable parameters.

OBJECTIVES

The primary objective of this study was to determine how
far the Roujean model is able to describe and explain the
observed azimuthal bidirectional reflectance factor distri-
butions in the red and NIR wavelengths obtained for con-
trasting grassland canopy types, using surface parameters
derived from model fits to in situ measurements at a range
of view and illumination geometries. A further objective
was to explore the utility of the model in reducing the
directional dependency in the observed bidirectional re-
flectance factors and the impact of such corrections on
cover-type discrimination. This depends only on the mod-
el’s ability to describe the BRDF's of these grasslands. An
important part of the tests is the evaluation of the retrieved
surface parameters (kernel weights). Since the model is
based on a simplification of the physics of the interaction
of radiation in the solar reflective wavelengths with partly
vegetated surfaces, it is hypothesized that the anisotropic
model surface parameters should yield some relationship to
the three-dimensional (structural) characteristics of green
canopies, such as canopy height and foliage density. The
validity of such relationships and the feasibility of a “model-
to-model” approach (Qi et al., 1995) depends on the ability
to at least partly explain BRDF, rather than the ability
merely to describe it. Finally, the stability of the model is
investigated with respect to both model fit and the ro-
bustness of the surface parameters with variation in the
number and angular distribution of observations.

METHODS

Inner Mongolia Study Area and Field Sites

The field data used here were acquired in Xilingol league on
the Inner Mongolia plateau at the peak of the growing sea-
son (August 1996), near Huhehaote, Inner Mongolia (late
August/early September 1996) and at the Walnut Gulch
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Kendall North site, Arizona (June and August, 1990). The
main study area is a semiarid grassland biome in Xilingol
Aimag (League), Inner Mongolia Autonomous Region,
Peoples” Republic of China. It is enclosed by the geo-
graphic coordinates 112.400°-116.051°E by 42.843°-
44.711°N. The grasslands of Xilingol aimag are located on
the Mongolian plateau, a vast high plain of greater than
1,000 m in altitude. These grasslands were formed during
the early Oligocene—early Pleistocene, and there is evi-
dence to suggest that since the late Holocene the aridity
of the physical environment has shifted toward the east
(Xiao et al., 1993). These grasslands are classed as semiarid,
meaning that annual rainfall is between 250 mm and 400
mm. More than 80% of total annual precipitation falls in
July and August, which is the peak of the growing season.
As is common with other semiarid grasslands, precipitation
and vegetation growth are highly variable both temporally
and spatially. The growing season is generally short; much
of the region is snow-covered from late October to early
April. Temperature extremes lower than —30°C are com-
mon in January, the coldest month. The warmest month
is July, with monthly average temperatures of between
16°C to 26°C over the entire region.

The study area encompasses a variety of grassland types
from sparsely vegetated short Stipa gobica desert steppe
(over bright sandy soils) to lush climax Stipa grandi/Aneuro-
lipidewm chinense “typical” steppe with a maximum canopy
height of 1 m (over chestnut soils). Relief is generally not
important with only gently rolling hills, and there is a variety
of land uses from salt extraction to fodder production. There
are recognized problems of land degradation, with increas-
ing pressure on the steppe environment on both anthropo-
genic and climatic fronts. The issue of topography is partic-
ularly important since most BRDF modeling approaches
assume a flat, horizontal terrain (Privette et al., 1997).
Table 1 lists the sites, dates, and times at which angular
radiometric measurements were taken, together with other
vegetation and soil information. It should be noted that
the summer of 1996 was a particularly wet season in central
Inner Mongolia, with sporadic but unusually important
rainfall events at intervals in both July and August. Vegeta-
tion cover estimates were derived from classifications of
color photographs taken in situ at 4 m above the surface.
For LAI estimates, all vegetation was cut from an area of
1.74 m* (corresponding to the 100% field of view of the
radiometer), spread as evenly as possible on a large, light-
colored plastic sheet, and two nadir photographs were
taken from 2.8 m. LAI estimates were made through sort-
ing the lookup table of the scanned images by hue.

Reflectance Factor Datasets

Bidirectional reflectance factor datasets from two semiarid
grasslands are used: one from Inner Mongolia, acquired
by a team led by the author, and one from Arizona, acquired
as part of the Monsoon "90 watershed experiment (Kustas
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the area which accounts for 50% of incoming energy (Notes
for Users, 1993)]. The point spread function of the sensor
is such that the total surface area contributing to the mea-
surements is approximately 1.74 m® at nadir with a pro-
jected IFOV diameter of 1.49 m; these values are 0.85 m?
and 1.04 m for the Huhehaote sites, respectively, where a
lower mast height of 2.8 m was used. The configuration
of the two radiometers and mast for nadir view measure-
ments is shown in Figures 2a and 2b. Off-nadir measure-
ments were made between 2:00 P.M. and 4:30 p.M. LST
(solar zenith angles from 38° to 62°) for view zenith angles
ranging from 40° in the backscattering direction to 40° in
the forward-scattering direction in increments of 10°, with
the viewing plane oriented east-west and providing a range
of relative azimuths from 11° to 48° (backscattering) and
132° to 169° (forward-scattering) (Fig. 2¢). The geometry
at site Y is exceptional with solar zenith angles of ~75°
and view zenith angles in the range =50°. For each view

zenith angle, a pair of measurements were taken to provide
an indication of instrument and environmental error (for
example, the effects of wind and changing irradiance). No
smoothing was carried out on the observed reflectance
factors, for example, by fitting polynomial curves through
the data points or averaging pairs of values. This provides
a set of between 16 and 22 angular measurements for each
site in each channel in a single azimuthal viewing plane.
Each set of measurements took around 20 minutes to com-
plete, and changes in solar zenith and azimuth angles are
taken into account when fitting to the BRDF model. Bidi-
rectional reflectance factors were calculated from the radi-
ometry data assuming a quasi-Lambertian reflectance
panel and using the relation shown in Eq. (1):

reflectance factor (dimensionless)=%%(k) (h) (1)
Vg

where V, and V, are the meter reading from the target and
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Figure 2. Configuration of Milton multispectral radiometers
for nadir reflectance factor measurements: (top) Schematic,
(middle) photograph of nadir radiometry in Stipa gobica desert
steppe, and (bottom) schematic of radiometer tilting for BRF
measurements.

reflectance panel in each channel, respectively; V, and V,
are the dark level offset voltages for the target and panel
sensor channels, respectively; k is the in-band reflectance
factor of the reflectance panel; and h is the sensor head
intercalibration factor.

The derivation of the Walnut Gulch (Arizona) datasets
is documented in Huete et al. (1992), Moran et al. (1994),
and Qi et al. (1994). The data were acquired over a semides-
ert gramma grassland (Bouteloua spp.) using a SE590 spec-
troradiometer mounted on a 2-m rotary arm, allowing the
sensor to view the target at varying zenith angles from
—40° (backscattering) to +40° (forward-scattering) at in-
crements of 10° (Jackson et al., 1990). The viewing plane
of the apparatus was fixed perpendicular to the SPOT
overpass direction (i.e., 100° from true north, allowing data
to be acquired at a range of azimuths during the day). Pairs
of measurements were taken for each viewing angle and
the values averaged, giving nine observations in total. The
data used in this study are for DOY 156 (dry season; visibly
senesced and dead material) and DOY 220 (wet season;
40% green grass cover) (Moran et al., 1994).

BRDF Model Description

Full details of the derivation of the Roujean model are
given in Roujean et al. (1992a) and a summary is provided
in Wanner et al. (1995). Briefly, it is expressed as shown
in Eq. (2):

R(esa00a¢>:k0+kl ﬁ(€97007¢> +k2 ﬁ<93>0v>¢> <2>

where R(60,,0,,p) is the modeled bidirectional reflectance
in a given channel for the solar zenith, view zenith, and
relative azimuth angles 0,,0,, and ¢, respectively. The model
kernels £1(0,,0,,9) and £5(0,,0,,p) are analytical functions of
the solar and viewing angles derived via simplifying physical
terms. Specifically, f; accounts for geometric scattering and
shadowing, neglecting mutual shadowing of protrusions
from the surface, while f, accounts for volume scattering
from a discrete medium of randomly located facets, assum-
ing the single scattering approximation, an isotropic facet
distribution function, and an optically thick medium. This
function is derived from Ross™ (1981) approximation for
large values of leaf area index, and the RossThick kernel
developed in Wanner et al. (1995) is a linear scaling of it.
It is largely dependent on LAI. The surface parameters
ko, ki, and k, are theoretically dependent on the three-
dimensional structure and optical properties of a canopy
and its background. Specifically, k, should represent the
bidirectional reflectance viewing a surface at nadir with
the overhead sun (6,=6,=0), while k, and k, should mea-
sure the relative contributions of the geometric/shadowing
and volume scattering components in total reflectance,
respectively. A similar formulation and rationale underlie
the kernel-driven models derived in Wanner et al. (1995)
and are based on combinations of the Li geometric-optical
(Li et al,, 1994) and Ross volume scattering functions
adapted for sparse and dense cases; note that surface scat-
tering kernels are generally formulated to deplete reflec-
tance, while volume scattering kernels generally enhance
reflectance (Fig. 3). Here, the ko, k;, and k, surface parame-
ters for each grassland type investigated were determined
analytically via matrix inversion. The inversion criterion is
the minimization of the absolute differences between the
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Figure 3. Anisotropic kernels: (a) geometric scattering kernels, solar zenith angle=0°; (b) geometric
scattering kernels, solar zenith angle=30°; (c¢) geometric scattering kernels, solar zenith angle=60°;
(d) volume scattering kernel for solar zenith angles of 0°, 30°, and 60°.

modeled and observed reflectance values in a given channel
by attempting to minimize the (absolute) error term [see

Eq. (3)]:
a9:l/nz[o)mod)i_<pobs)i]2 <3)

where p,,, is the observed reflectance, p,,,q is modeled reflec-
tance, n is the number of observations, and i is the channel.

An important function of BRDF models is the removal
of directional dependency in angular reflectance data ac-
quired at different illumination angles. Having determined
the model surface parameters, an anisotropy factor ) is
calculated for each of the observed bidirectional reflec-
tance values, by using Eq. (4) (Wu et al., 1995):

©(0,.0..9)=R(6,.6,,¢)/(R(0,0,9)
:1+d1 ﬂ(gs’ew¢)+d2 ﬁ<9.¥>HL>¢) <4)

where R is bidirectional spectral reflectance, a,=ki/k,
a;=ky/ky and 0,,0,, and ¢ are the solar zenith, view zenith,
and relative azimuth angles, respectively. The anisotropy
factors were used here to remove a proportion of the direc-
tional dependency in the observed reflectances by ad-
justing to a preferred geometry, by using Eq. (5):

R(0,0,9)=[0(0,0,2)/00.0,.9)R(0,0..0)  (5)

where R(0,,0,,®) is the reflectance value in the desired
geometry; (0,,0,,®) is the anisotropy factor for this de-
sired configuration, calculated using the model k, k;, and
ks surface parameters; and €(6,,0,,9) is the anisotropy fac-
tor for the measured reflectance in this channel. In this
case the (arbitrary) preferred geometry was determined to
be nadir viewing with the solar zenith as at the time of the
nadir observations and in the principal plane.

RESULTS AND DISCUSSION

The main results of model inversions are presented in
Tables 2 and 3, while Figures 4 to 7 show the observed,
modeled, and normalized distributions for each set of red
and NIR wavelength observations in Inner Mongolia and
Arizona, respectively, where normalization means adjust-
ment of angular reflectance to a chosen common view and
illumination geometry. For the NIR channel, these tables
and figures also include the corresponding results when
the model is reduced to an isotropic component with a
single anisotropic volume scattering kernel (right-hand col-
umns); all discussion pertains to the original model unless
otherwise indicated.
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Error in Model Fitting

Overall, the model fits are considered very satisfactory.
Even though the range of view and illumination angles is
not very large and so the model is not highly stressed, residu-
als from the fit to observations are generally extremely small
with RMS errors of between 0.001 and 0.011 (Inner Mongo-
lia) and 0.0002 and 0.006 (Arizona). Using the full three-
kernel model, R* values range from 0.86 to 0.99 (Inner
Mongolia) and 0.91 to 1.00 (Arizona), with only three R*
values out of 40 lower than 0.90 and 29 greater than 0.95.
The model replicated both the NIR and red channel reflec-
tance observations adequately with no important bias with
wavelength, and overall the correlation between modeled

and measured values is slightly higher in the red (R* were
0.994 and 0.997 for Inner Mongolia and Arizona datasets,
respectively) than in the NIR (R* were 0.983 and 0.992,
respectively); see Figure 8. Deviations between the mod-
eled and observed reflectance values do not demonstrate
a consistent relationship to view zenith angle. The major
cause of large residual values is measurement error, where
there is usually a relatively large difference between the
individual observations in the pair of readings taken (but
note that the absolute divergence in a pair of measurements
is =1% reflectance). There may be physical causes for
some of these larger residuals; for example, the increased
apparent reflectance for site A8 at the +30° view zenith
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may be owing to specular effects since at this time of year
the Stipa krylovii flower is a light color, rather shiny, and
highly curved in shape, and therefore some of the “shine”
is likely to be in the sensor’s IFOV.

Potential sources of error in the observed reflectance
data include pointing the sensor at the wrong place or in
the wrong geometry; foreign objects intruding into the
sensor IFOV; the IFOV not being large enough to integrate
all surface components in sparsely distributed canopies;
anisotropy in the spectral reflectance of the halon reference
panel; wind [or what is called “nebulosity” by Guyot
(1990)]; contamination of the reference panel by wind-

side shows results using reduced

1020 30 40 50 model: R=k,+kyfs.

borne debris; inadvertent shadowing of the target or refer-
ence panel; and poor illumination conditions. Most of these
factors were well controlled in these experiments. For very
precise measurement of bidirectional reflectance, it is
sometimes considered necessary to effect a correction for
the non-Lambertian properties of the reference panel;
however, here the assumption is made that the pressed
halon panel used has quasi-Lambertian reflectance proper-
ties, following published research: Jackson et al. (1987)
found that a pressed halon panel exhibited a variation from
the mean of 0.2% for incidence angles ranging from 20°
to 70° over a series of seven measurements. Research on
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optical-grade Spectralon™, a PTFE-based material similar
to that used here, shows that at incidence angles up to 60°,
variation in the reflectance of the global flux with angle is
close to Lambertian (Rollin et al., 1996). These authors
also suggest that with such a reference panel it is not
necessary to make corrections for the non-Lambertian
properties of the panel for solar zenith angles of up to 60°
since the deviation from Lambertian over this range is
<2% and is likely to be within measurement error. Solar
zenith angles reported here exceed 60° in three cases in
the Inner Mongolia data set and in one case in the Arizona
data set. Note that only one azimuthal string from the
latter data set comes close to a hot spot geometry with no

reduction in the quality of model fitting in either channel;
this is because the hot spot for this surface has a very
narrow angular width, which cannot be captured with the
15° IFOV of the radiometer.

Correction for Directional Effects

The corrected or normalized reflectance data are plotted
alongside the observed and modeled values in Figures 4
to 7. The intention is to demonstrate the utility of the
BRDF model in removing the dependence on view angle
in surface reflectance data. The standard deviation of the
observed reflectances series in both channels is reduced
by more than 60% after normalization in all cases, with
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much better reductions in most cases. The standard devia-
tion in the normalized reflectances is always=<0.01 reflec-
tance. The correction of the red and NIR channel field-
derived reflectance data also provides an opportunity to
examine the potential improvement for applications, such
as detailed land cover-type classification, which rely on the
ability of a classification algorithm to determine class bound-
aries in feature space. Figure 9b shows the reflectance data
for each site in red-NIR space, corrected to nadir viewing
with the sun at the mean acquisition angle, together with
the uncorrected reflectance data in Figure 9a. This is the
optimal geometry for these particular sets of observations
(interpolation to the mean view zenith and no extrapolation
to unobserved sun zeniths). The distribution of corrected

20 -10 O

10 20 30 40  Gulch, Arizona.

data points for sites belonging to the same grassland types
is clearly more favorable for the classification problem; the
data points that are clustered in the lower left part of the
plot correspond to grassland types, which are rather similar
in terms of vegetation cover and species composition: Stipa
grandis-typical steppe and grazed A. chinense-typical steppe.
In contrast, the scatter of points in the uncorrected data set
means that only the pure Stipa gobica desert steppe class
(site A2) can be completely isolated with confidence via
classification algorithms.

Evaluation of Model Parameters

High correlation coefficients between observed and mod-
eled BRF's do not necessarily mean that the model is able
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reflectance factor

Right side shows results using

R=k,+kyfs.

to explain the interactions of radiation with the canopy-
soil complex. It is necessary to determine whether the
model kernels behave in the expected manner when the
retrieved surface parameters (kernel weights) are applied
to them, remembering that surface scattering kernels are
generally formulated to deplete reflectance, while volume
scattering kernels generally enhance reflectance (Fig. 3).
The k, parameter is the modeled reflectance at nadir view-
ing with the overhead sun, and in all cases it is shown to
be reasonable, with values corresponding to known surface
conditions: for both the Inner Mongolia and Arizona data
sets there is a decline in the modeled isotropic reflectance
in both wavelength regions from sparsely vegetated sur-
faces to higher-cover sites (Inner Mongolia), and from

DOY 156 to DOY 220 as the vegetation changes from
senesced/dead to green (Arizona). The k; parameter should
provide an estimate of the magnitude of geometric and
shadowing effects in total reflectance, and in the red wave-
lengths it behaves in the expected manner, being consis-
tently positive with only one exception (in the DOY 156
data set where it is very close to zero). For the Inner
Mongolia data set, red channel k; values generally appear
to be related to green vegetation cover, and k; generally
increases with sparseness. Large geometric and shadowing
effects would be expected in the low-cover desert steppe
sites since in all three sites the vegetation is clumped on
very bright soil backgrounds. However, no consistent rela-
tionship is seen in the Arizona model fits.
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In the NIR channel negative and unphysical k; values
were obtained in all but two cases in the Inner Mongolia
model fits and for all the Arizona DOY 220 model fits; the
geometric and volume kernels are both contributing to
reflectance in a similar manner. Other workers have found
that the model fits sometimes provide very small or nega-
tive values and have set this parameter to zero. In both
Roujean et al. (1992a) and Wu et al. (1995) low or negative
k, were obtained with forest-cover and cropland land-cover
types. Negative parameter values were also obtained by
Roujean et al. (1997) with airborne POLDER data over
the HAPEX-Sahel Central-West supersite (Niger) and by
Takemata et al. (1999) with satellite-level POLDER data
over bare soil, desert, grassland, and forest sites in Mongo-
lia. These values are usually explained as a result of the
small volume of and errors in the data sets and of mathe-

Figure 7. Continued.

matical anomalies in model fitting. In the cases examined
here, there appears to be some relationship between the
absolute magnitude of the parameter and green vegetation
amount and structure: in the Inner Mongolia cases there
is a higher absolute magnitude in k; with increasing canopy
height and density, with the largest absolute values ob-
tained for sites D7 (Stipa grandis typical steppe at 1-m
maximum height), DS (similar), and F5 (fairly lush Aneu-
rolipideum chinense-typical steppe); while in the Arizona
model fits k is consistently much larger in absolute terms
for the DOY 220 cases (40% cover green gramma) than
for the DOY 156 cases (senesced/dead vegetation). In the
Inner Mongolia cases where positive (albeit very small) k;
are obtained, vegetation is sparse. In previous evaluations
of the model low or negative k, are set to zero, thereby
reducing the model as seen in Eq. (6):
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that is, accounting only for an isotropic component and a
volume scattering component. When this reduced model
is applied to the NIR reflectance factor data, the model
fits remain very good for cases where there is low cover,
greenness, or canopy height, but become poor for the cases
where cover is relatively high, the leaves are greener, or
the canopy is taller. The results of the NIR data fits to the
reduced model are shown in Tables 2 and 3 and Figures
5 and 7 (right-hand column). There is one exception to
this behavior for site Y, and this may be a result of the
very high solar zenith angle (75°). Canopy height may be
an important factor in this phenomenon since where cover
is high but canopy height is low (site Z, 74% cover grazed
lowland Carex sp. pasture with a maximum height of 8
cm), R? remains high with the reduced model (0.99).
Note that although the problem is manifested through
unreasonable k; values, the underlying problem is not nec-
essarily the geometric/shadowing function but could
equally well be connected with the volume scattering ker-
nel. To investigate the anomaly, it is helpful to examine
the relative contributions made by the weighted model
kernels to the anisotropic component of reflectance (Fig.
10). In general NIR k;f; either reduces reflectance or
makes virtually no contribution in the sparse and dry season

cases, but enhances reflectance anisotropically in the more-
vegetated and wet season cases. The kernel is clearly not
accounting for geometric-optical effects as intended, but
may be inadvertently accounting for other physical phe-
nomena. The contribution is positive and anisotropic, in-
creasing with view zenith angle from the backscattering to
the forward-scattering direction; low-order multiple scat-
tering is a possible cause.

The suggestion of a problem with a “dense” volume
scattering kernel over semiarid targets is supported by
other recent studies that show that the isotropic-RossThin-
LiSparseMODIS combination performs better than other
kernel combinations (Lewis et al., 1998; Chopping, 1998a).
There are two approximations made in the derivation of
this kernel that might explain its inadequacy here: (1) the
approximation made in taking the optically thick case and
(2) the single scattering approximation. In determining
which of the two is more important, the following argu-
ments may be pursued:

1. Taking the optically thin case is preferable. Ac-
cording to Roujean et al. (1992a), the approxima-
tion made in taking the optically thick case is
rather gross for situations where LAT is <1, as
here, with quite important relative errors in the
most unfavorable configurations. In both Inner
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Mongolia and Arizona fits the negatively weighted
Roujean f; function is used to increment reflec-
tance in the forward-scattering direction; a steeper
increase in the contribution of the weighted vol-
ume scattering kernel to reflectance in this direc-
tion is therefore required to model the observed re-
flectance using only positive (physical) parameter
values. Concurrent studies show that this steeper
shape is provided by a kernel derived with the opti-
cally thin approximation: both a Roujean f;-Ross-
Thin and a LiSparse-RossThin model provide posi-
tive NIR k, values, and the geometric-optical
parameter decreases with increasing LAI for both
red and NIR inversions, as it should (Chopping,
1998a, Chopping, 1998b).

2. The single scattering approximation is inadequate.
Although the LAIT of the grassland types under con-
sideration is generally <1, the single scattering ap-
proximation may also contribute to the require-
ment for a steeper volume scattering kernel shape.
This may be so because such a requirement is only

seen in the NIR wavelengths where the single scat-
tering approximation is less likely to be valid; in
short, there is likely to be residual anisotropy from
multiple scattering in sparse canopies. This is rea-
sonable because it is known that grass leaves have
a lower reflectance than transmittance in the NIR,
unlike the leaves of crops or trees (Blad, 1988,
cited in Wu et al., 1995), and because k,f; en-
hances reflectance in the backscattering direction
as well as the forward-scattering direction. Several
studies have shown that multiple scattering is not
always isotropic (Li et al., 1994; Schaaf, et al.,
1994), although it has also been demonstrated that
the additional interactions due to successive scatter-
ing orders have a bidirectional signal in which am-
plitudes decreases sharply as the scattering order
increases (Rondeaux, 1990). In semiarid grasslands
the order of scattering is likely to be fairly low
since the canopies are relatively sparse, soils are
bright, and LAI is low; it therefore appears that
the single scattering approximation made in the
derivation of the volume scattering kernel may not
be valid in the NIR wavelengths for semiarid grass-
lands. This suggestion is supported by Hu et al.
(1997), who found that a weak correlation (R%>=
0.56) was obtained when fitting the variants of the
AMBRALS model to NIR airborne POLDER
observations over grassland [although they attribute
this to registration errors, these errors would also
have affected the red channel fit where the correla-
tion was somewhat better (R2=0.71)].

The k, parameter should provide an estimate of the
contribution of volume scattering and is theoretically a
function of facet spectral reflectance and facet area index.
Values are consistently positive and larger in the NIR than
in the red channel, and this is to be expected since there
is much lower absorption of NIR wavelength radiation by
either vegetation or soils and higher transmittance through
than reflectance from grass leaves, as noted above. In the
Inner Mongolia model fitting, the NIR channel k, values
appear to be qualitatively related to vegetation cover and
LAI, with the highest values for sites F5, D7, DS, and B9
(Fig. 11). Similarly, for the Arizona model fits higher values
are obtained for the wet season than for the dry season as
expected, although this is not completely consistent. Red
channel k, values do not appear to be highly correlated to
vegetation cover or LAI in the Inner Mongolia cases but
are consistently higher for the dry season than wet season
in the Arizona cases. For both data sets, they are generally
in or close to the range expected (0.1 to 0.5 for leaf facets
and 0.2 to 0.4 for soil facets) but are somewhat higher than
that found by Roujean et al. (1992a) for a steppe with 18%
vegetation cover (0.06).

According to the model derivation the k; parameter
should be related to the size, shape, and spacing of protru-



Testing a BRDF Model 303

(a) site A2 (b) site A8
0.03
_ 0.02 _
[ [}
£ 0.01 - g
& ~
) E— T N
:-%—4 0 -20.0 0.0 20.0 0 %53 .
= 0.02 *.4d. 200 o1 0
0.03 0.02..
View Zenith Angle (°) View Zenith Angle (°)
(c) site B9 (d) site C4
0.12 0.20.
— —
[ [}
5 §
~ ~
B 3
5 = wEREY
‘9-40.0 -20.0 44.0 kol BN
S %4
View Zenith Angle (°)
(e) site D7 (f) site D8
Q.25
o] o)
& £
) g
T oo ks
® |
£-400  -200 20.0 0 z
! 7 -0.057% y
0.10 -49.
View Zenith Angle (°) View Zenith Angle (°)
(g) site F5 (h) site G9
0.20
A d A
g A E ¢
f 8 )
T g U
® i
[ (9]
2-4 0 2-4
Figure 10. Contributions of 0.04
weighted kernels to anisotropy in View Zenith Angle (°) View Zenith Angle (°)

NIR reflectance, (a-h) Xilingol
sites, Inner Mongolia; (i—p) Wal-
nut Gulch sites, Arizona.

sions, and the k, parameter should be related to LAIL
Wu et al. (1995) made the assumption that, to the first
approximation, the physical structure and optical proper-
ties of canopies are land cover-type specific and found that
for the AVHRR data they used, it was possible to retrieve
strong relationships between the k, parameter, the ki/k,,
and ky/k, anisotropy factors and NDVI within each land
cover type. However, the approximations made in the deri-
vation of the model and the retrieval of negative values in

—B—k1f1 —6—k2f2 —A—total

the NIR mean that a direct inverse interpretation of the
anisotropic parameters is problematic. Here, the strongest
relationships are seen between the red channel geometric-
optical parameter and both fraction of cover and LAI,
while a strong relationship is seen between the NIR channel
geometric-optical parameter and LAI The volume scatter-
ing parameter demonstrates very weak relationships to both
measures; see Table 4 and Figure 11. Thus, the concluding
remark of Roujean et al. (1992a) to the effect that it is
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Figure 10. Continued.

not possible to ensure a physical interpretation of these
parameters does apply here, although there is clearly addi-
tional, nonspectral information present in kernel weights.

Model Sensitivity

An important characteristic of any model is the degree of
sensitivity to inputs, in this case the number and angular
distribution of observations. This is particularly important
for satellite remote sensing applications since in the solar

reflective wavelengths cloud cover can reduce both the
number and angular range of observations substantially,
even if the orbital and scanning characteristics of a particu-
lar platform and sensor offer a high temporal resolution
(for example, one or two observations per location per
day). To assess the stability of the model with various small
numbers of samples (N) decreasing from the maximum
available in the two data sets used, the model fitting proce-
dure was run again four additional times to provide new
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sets of outputs. The number of observations was reduced
from the original number of between 16 to 22 to 13, 9, 7,
and 5 for the Inner Mongolia fits and from 9 to 8, 7, 6,
and 5 for the Arizona fits. Reduction in N was achieved by
weeding the original data sets, first by removing duplicate
observations (i.e., readings taken at the same view angle)
and then by removing observations at intermediate angles
(no account was taken of the significance of individual
observations or the residuals provided by each observa-
tion). To test model sensitivity for cases where the angular

sampling is limited to either the backscattering or the for-
ward-scattering directions, model fitting was effected with
two further data sets derived from the Inner Mongolia
radiometry: one where all the observations in the backscat-
tering direction are removed, and one where all the obser-
vations in the forward-scattering direction are removed
(with the nadir observations retained in both cases).

The results of the analysis for varying numbers of
observations are given in Figures 12 to 14. It is inappropri-
ate to use the standard coefficient of determination since

Table 4. Strength of Relationships (R?) between Model and Effective Biophysical Parameters

Red k, Red k, Red k, NIR k, NIR k, NIR k,
Cover* 0.81 0.51 0.02 0.28 0.21 0.23
LAT 0.55 0.22 0.02 0.45 0.81 0.27
VVeightl’ 0.70 0.39 0.02 0.66 0.58 0.36

“4-m photographs with shadow allocated on the basis of the soil-vegetation ratio.

" Excluding sites Y and Z; weight is fresh weight.
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the number of observations varies, so the adjusted R*is used
(Kmenta, 1986, p. 411). Figure 12 shows that the model
fits generally remain very good with small numbers of
observation well distributed in the view zenith domain,
with adjusted R*>0.95 in the majority of cases, for both
red and NIR channel fits. In general, there is a decline in
correlation with decreasing N, although the reduction in
fitting accuracy is not a linear function of N. For those
model fits that show a lower adjusted R?, the higher degree
of variation with reductions in N is similar in both red and
NIR channels and, more importantly, occurs mainly for
sparse steppe (sites A2 and A8, Inner Mongolia) and dry
season (DQOY 156, Arizona) model fits.

The results of the analysis for varying the azimuthal
distribution are given in Tables 5 to 8. The k, parameter
values retrieved via sampling in the forward-scattering di-
rection differ only slightly from those obtained using ob-
servations distributed in both directions in both channels
[usually within 0.01 or 0.02 (reflectance)], while the k,
parameter values differ by a larger margin, and the k,
parameter is far less stable (Tables 5 and 6). In contrast,
all parameters retrieved via sampling in the backscattering
direction differ importantly from those obtained using ob-
servations distributed in both directions in both channels.

—+—220/43 —=—220/24 —=—220/23

Figure 12. Sensitivity of model fit (ad-
justed R?) to number of observations.

An examination of the weights of determination [a statisti-
cal indication of expected error in parameters or on inter-
polation or extrapolation under specific angular sampling
conditions; see Lewis and Wanner (1996)] shows that the
ko parameter is most stable, followed by the k; and k,
parameters, respectively, with large error expected in the
latter (Table 7). The weight of determination is lower for
all site Y parameters (where view zeniths were +50°) and
higher for the Arizona parameters (where the sampling is
far from the principal plane). Note that the k, parameter
represents an extrapolation to nadir viewing with the sun
at zenith. An examination of the weights of determination
for modeled reflectance for nadir viewing with the sun at
the mean zenith of the observations shows that in relation
to sampling in both directions, noise inflation is somewhat
higher for forward-scattering but is much higher for back-
scattering (Table 8). There is no noise inflation for the
distributions with sampling in both directions; the weight
of determination is below unity in all cases.

Model parameters are thus very stable with reductions
in the number of observations, even with the minimum of
five, as long as the angular distribution is adequate (Figs.
13 and 14). For the cases where observations in both back-
scattering and forward-scattering directions are used, the k
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Figure 13. Sensitivity of model parameters
to varying numbers of observations for Inner
Mongolian sites.

parameter is extremely stable, with a standard deviation of
less than 2% reflectance and less than 1% in 18 of 20 cases
for Inner Mongolia, and by less than 0.4% in 18 of 20 cases
for Arizona. The anisotropic surface parameters were found
to be less stable with respect to N, with the k, parameter
consistently having far more noise than the k; parameter.
Where the angular sampling is in only one half-space, the
stability of modeled reflectance at nadir viewing with the
sun at the mean zenith of the observations is severely
compromised if sampling is only in the backscattering di-
rection, with a lesser impact if sampling is only in the
forward-scattering direction.

CONCLUSIONS

This study has demonstrated that the Roujean model is
able to describe with good accuracy the variations in surface
reflectance from semiarid grassland canopies of differing

0.15 7
0.10 i
0.05 .
N=18  N=13 N=9 N=7 N=5 N=18 N=13 N=9 N=7 N=5
Sites :

—O—A2 —B—A8 —A—B9 —)—C4 —¥—D7
—6—D8 ——F5 GY —=—Z —@—Y

densities and architectures with changing view and illumi-
nation geometries, within the angular limits of the data
sets used. Modeled reflectance values have been shown to
be close to observed values for two independent semiarid
grassland bidirectional reflectance factor data sets, en-
abling normalization of observed surface reflectances to a
preferred geometry and providing a means of achieving
an adequate reduction in directional dependency in surface
reflectance series. This was the stated aim of Roujean et
al. (1992a) in deriving the model.

The retrieval of negative surface parameters is some-
times regarded as the result of mathematical anomalies in
model fitting (Roujean et al., 1992a; Wu et al., 1995; Wan-
ner et al., 1995; Roujean et al., 1997; Takemata et al.,
1999). In this study the possible reasons for these artifacts
were explored, and it was found that while the positive
contribution to the anisotropic component of reflectance
resulting from the negatively weighted f; kernel may be
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(a) Sensitivity of kO to N for VIS channel

(b) Sensitivity of k0 to N for NIR channel
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omitted for very low LAI and sparse canopies, it is neces-
sary to obtain good fits to NIR observations for relatively
high LAT and erectophile grassland canopies. Thus, adopt-
ing a unique set of kernels to physically model light scatter-
ing in both the red and NIR wavelength may not be feasible
since the interactions are quite different. While it is not
possible to determine whether the assumption of an opti-
cally thick or optically thin surface is more valid in the red
wavelengths, there is a strong case for considering that
the single scattering approximation is at the root of the
problems in modeling NIR wavelength interactions.
Changing to an assumption of an optically thin surface may
only lead to positive parameter retrievals as a result of
inadvertent modeling of residual anisotropy arising from
low-order multiple scattering, although this is not proven
here. In addition, the geometric-optic kernel may also be
inadequate in the NIR region since it may not be reason-

Figure 14. Sensitivity of model parame-
ters to varying numbers of observations for
Arizona Sites.

able to consider grass leaves as opaque protrusions. The
implication is that the complex interactions of NIR radia-
tion with grassland canopies are not explained exactly by
the model. Despite this it is able to describe the shapes
of the NIR BRFs for all sites well and may therefore be
effective in BRDF correction, which has been shown to
have a very important impact on data quality.
Interpretation of the model parameters in terms of
biophysical parameters is problematic, partly for the rea-
sons given above and partly because there are insufficient
data with which to establish relationships. Strong correla-
tions were found between the red channel isotropic param-
eter and cover fraction, LAI, and fresh weight; the red
channel k; and cover fraction; the NIR channel isotropic
parameter and fresh weight; and the NIR channel &, pa-
rameter and LAI and {resh weight. The sensitivity analysis
shows that the model is remarkably robust with respect to
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Table 7. Weights of Determination for Retrieved Parameters

Inner Mongolia Data Sets

Arizona Data Sets

Sites ko k, k, DOY/SZA/RAA ko k, k,
A2 1.1 2.8 67.9 156/50/10 3.8 5.6 150.0
A8 1.0 1.1 39.8 156/43/14 3.3 7.7 185.8
B9 1.0 2.5 75.9 156/16/21 0.8 7.1 346.2
C4 1.5 1.9 62.9 156/09/79 0.7 28.8 17398.3
D7 1.5 2.0 63.7 220/65/14 4.4 1.9 87.0
DS 1.2 0.8 34.1 220/55/09 4.1 4.1 125.6
F5 1.2 3.4 101.1 220/43/00 3.3 7.9 195.9
G9Y 1.8 3.5 81.7 220/24/25 1.4 8.2 239.3
V4 1.6 0.8 38.3 220/23/29 1.3 8.0 253.8
Y 0.6 0.1 6.9 220/15/76 0.9 10.8 4208.0

DOY=day of year; SZA=solar zenith angle; RAA=relative azimuth angle.

Table 8. Weights of Determination for Reflectance (Nadir Viewing at Mean Sun Angle of Observations) for Three

Angular Distributions

Inner Mongolia Arizona
Sites All Back Fuwd DOY/SZA/RAA All Back Fwd
A2 0.111 3.982 0.402 156/50/10 0.249 0.974 0.867
A8 0.094 2.468 0.231 156/43/14 0.264 0.927 0.859
B9 0.218 1.061 0.288 156/16/21 0.296 0.906 0.793
C4 0.127 4.030 0.644 156/09/79 0.345 0.797 0.543
D7 0.114 2.972 0.391 220/65/14 0.227 0.934 0.877
D8 0.087 1.305 0.179 220/55/09 0.239 0.977 0.871
F5 0.116 0.407 0.294 220/43/00 0.264 0.559 0.860
G9 0.124 2.784 0.424 220/24/25 0.286 0.834 0.824
Z 0.101 1.584 0.211 220/23/29 0.290 0.850 0.819
Y 0.087 7.841 0.136 220/15/76 0.329 0.958 0.662

All=both half-spaces; Back=backscattering only; Fwd=forward-scattering only; DOY=day of year; SZA=solar zenith angle; RAA=relative azi-

muth angle.

number of observations but far less robust with respect to
limited angular sampling; it is therefore appropriate for
use with sparse angular reflectance datasets derived from
wide-swath satellite observations, provided that observa-
tions in both forward and backward azimuthal sectors are
available and that adequate care is taken to correct for the
attenuating effects of the atmosphere, which contribute an
angular signature to the signal that tends to dampen that
of the surface (Rahman, 1996). The greatest hindrance to
an adequate application of such a model to satellite data
is the high probability of obtaining only a few cloud- and
shadow-free observations. Attempts have been made to
overcome this through the use of more than one sensor
[e.g., the two Advanced Very High Resolution Radiometers
(Chopping, 1999; Chopping, 1998a; Chopping, 1998b;
Vives Ruiz de Lope and Lewis, 1997; Privette et al,. 1996)],
although this is complicated by the lack of in-flight calibra-
tion for the solar channels. The future for multidirectional
remote sensing and BRDF retrieval from space will be
brighter with multiangular sensors and sensor combina-
tions, such as MODIS and MISR on NASA’s Terra satellite,
as well as the simultaneous use of large field-of-view wide-
swath/multiangular sensors on different platforms (Sea-
WiFS, AATSR, MODIS/MISR, VEGETATION, Global
Land Imager, VIIRS on NPOESS).
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